Abstract A 6-week feeding trial was conducted to evaluate the effects of protein free (PF) and essential amino acid deficient (EAAD) diets on the physiological responses of silveryblack porgy (Sparidentex hasta) juveniles. Three experimental diets were formulated: a control diet in which 60% of dietary nitrogen was provided by intact protein (fish meal) and 40% by crystalline AA [(blends of essential amino acids (EAAs) and non-essential amino acids (NEAAs)]; an essential amino acid deficient diet in which 60% of dietary N was provided by intact protein, whereas the rest was provided by NEAAs; and a protein free (PF) diet, which based on carbohydrate sources. Fish fed the PF and EAAD showed signs of anemia including lower red blood cells counts, hemoglobin, and hematocrit levels than control group. Plasma lysozyme activity and complements C 3 and C 4 , as well as total immunoglobulin levels were drastically reduced in fish fed PF and EAAD diets. Plasma and liver alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, and alkaline phosphatase were significantly increased, but superoxide dismutase was decreased in fish fed PF and EAAD diets. Plasma total protein, albumin, high density lipoprotein, calcium, and inorganic phosphorous significantly decreased in fish fed PF and EAAD diets. The information obtained from this study testing to extreme diets (EAAD and PF diets) may serve for better understanding the impact of protein nutritional imbalances in fish.
Introduction
Deficiency of protein and the most essential amino acids (EAAs) in the diet results in a reduced weight gain, poor feed efficiency, and diminished disease resistance in fish, as protein malnutrition reduces the concentration of most plasma amino acids (AAs), and these have an important role in the immune response (Li et al. 2007 (Li et al. , 2009 Kiron 2012) . Moreover, insufficient intake of proteins or AAs ultimately affects the cells' protein content and eventually compromise cellular functionality and viability. Furthermore, there is evidence that AAs play a crucial regulatory role in controlling the turnover of liver proteins, and in these sense, several studies have reported liver malfunction in fish fed EAAs imbalance diets (Gao et al. 2014; Li et al. 2016; Zhou et al. 2010) . Nevertheless, there is no report concerning the effects of EAA-deficient diet on the liver enzymes in teleosts.
During recent years, nutritional requirements of silveryblack porgy (Sparidentex hasta), have been established for macronutrients ). To our knowledge, there is no available information about the effects of dietary protein and EAA deficiencies on the physiological and hematological responses in this species. Thus, the present study aimed to evaluate effects of protein and EAA deficiencies on the hemato-immunological and plasma biochemical parameters and to clarify how protein and EAA deficiencies can affect health indices in this species.
Materials and methods

Experimental diets and fish feeding
Three diets were formulated (Tables 1 and 2 ): a control diet (74.7 g N/kg DM), an essential amino acid deficient diet (EAAD, 76.6 g N/kg DM), and a protein free diet (PF, 7.5 g N/kg DM). The control diet formulation was according to Marammazi et al. (2017) . In the EAAD diet, 60% of dietary N was provided by fish meal, whereas the rest was incorporated as a mixture of NEAA (crystalline form). The PF diet was based on wheat middling, corn starch, and fish oil. In all diets, ingredients and pre-coated CAA mixture were mixed together and then extruded to obtain pellets of 2 mm in size.
The study was carried out at the Mariculture Research Station of the South Iranian Aquaculture Research Center (SIARC) (Khuzestan, Sarbandar, Iran). One hundred and thirty-five juveniles (initial body weight of 4.7 ± 0.1 g; mean ± standard deviation) were randomly distributed into nine cylindrical polyethylene tanks (250 L of volume; 15 fish/tank; 3 replicates per diet). Fish were hand fed each of the experimental diets to visual satiation, three times per day (0800, 1200, and 1600 h) during a period of 42 days. Tanks were supplied with filtered seawater (1 L min
; salinity 48.0 ± 0.5‰; oxygen 7.6 ± 0.2 mg L −1 ; pH 7.8 ± 0.4; temperature of 29 ± 1.5°C), and subjected to natural photoperiod (30°32′ N, 49°20′ E; June and July).
Sample collection
At the end of the trial, six specimens from each replicate (n = 18 per diet, n = 6 per experimental replicate) were anesthetized with 2-phenoxyethanol (0.5 ml/L; Merck, Schuchardt, Germany), and blood (ca. 250-500 μl) was collected from the caudal vein with heparinized syringes. An aliquot of blood was used for hematological parameters, and two additional aliquots were centrifuged (4000g, 10 min, 4°C) and plasma separated. The vials containing plasma samples were then transferred into liquid nitrogen and stored at − 80°C until further analysis.
Plasma and liver biochemical parameters
Frozen livers were homogenized in ten volumes (w/v) of icecold physiological buffer saline (NaCl 0.9%, pH 7.0), at 200 rpm for 3 min (IKA, Ultra-turrax®, USA), then homogenates were centrifuged at 3600 rpm for 15 min at 4°C, and the supernatants were collected and stored in aliquots at -80°C for further enzyme quantification (Jaroli and Sharma 2005). Liver and plasma non-specific enzyme including alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), and alkaline phosphatase (ALP) as well as plasma biochemical parameters such as glucose, total protein, albumin, triglyceride, total cholesterol, high-density lipoprotein (HDL), low density lipoprotein (LDL), calcium, and inorganic phosphorous assessed spectrophotometry by means of an auto-analyzer (Technicon RA-1000, Technicon Instruments, New York, NY, USA) using commercial clinical investigation kits (Pars Azmoon Kit, Tehran, Iran). Total superoxide dismutase (t-SOD) activity was measured using a reagent kit (Sigma-Aldrich, Switzerland) according to the manufacturer instructions; absorbance was read using a microplate scanning spectrophotometer (Power Wave HT, BioTek®, USA).
Hemato-immunological and plasma biochemical analyses
Complete blood counts were assessed according to the methods described by Blaxhall and Daisley (1973) and Lewis et al. (2001) . Lysozyme activity was measured using the turbidimetric method using lyophilized Micrococcus lysodeikticus (Sigma, St Louis, MO, USA) according to Ellis (1990) . Plasma complement components three (C3) and four (C4) concentrations were evaluated spectrophotometrically according to the method described by Tang et al. (2008) using the kit from Pars Azmon Co. Ltd. (Tehran, Iran). The change in plasma total immunoglobulin (Ig) was measured using the method described by Siwicki et al. (1994) .
Statistical analysis
Data were analyzed using SPSS version 15.0 (Chicago, IL, USA). A one-way analysis of variance was performed at a significance level of 0.05 following the confirmation of normality and homogeneity of variance, and the post-hoc Tukey's test was used for multiple comparisons when statistical differences among groups were detected (P < 0.05).
Results
In this study, survival rate decreased in fish fed the EAAD and PF diets in comparison with the control group. Furthermore, growth performance in fish fed the EAAD diet was 122.2% lower than in fish fed with the control diet (P < 0.05; Table 3 ). In addition, fish fed the PF diet lost weight, and their final body weight was 190.5% lower than those fish from the control group. In this study, hemato-immunological parameters were drastically affected by dietary protein and EAA deficiencies (Table 4) . Fish fed the PF and EAAD diets had lower red blood cell (RBC) and white blood cell (WBC) counts, hematocrit (Hct), hemoglobin (Hb), and mean cell hemoglobin (MCH) values, whereas these groups of fish showed higher mean cell volume (MCV) and mean cell hemoglobin concentration (MCHC) levels than the control group (P < 0.05). The results of the humoral immune parameters showed that plasma C3 and total Ig in fish fed the control diet was ca. three and four times higher than in fish fed the EAAD and PF diets, respectively. Furthermore, plasma C4 decreased in fish fed EAAD and PF diets, as well as plasma lysozyme activity in these groups that was ca. eight and 20 times lower than in the control group (P < 0.05). Plasma ALT in fish fed the control and EAAD diets was ca. two times lower than in fish fed the PF diet; whereas, liver ALT in fish fed the control diet was ca. two and six times lower than in fish fed the EAAD and PF diets, respectively (Table 5) . Plasma AST and ALP in fish fed the control diet was ca. 1.5 and four times lower than in fish fed the EAAD and PF diets, respectively; whereas, AST and ALP levels in the liver of fish fed the control diet were ca. two and six times lower than in other groups. Plasma LDH in fish fed the control diet was ca. 1.5 and four times lower than fish fed the EAAD and PF diets, respectively; however, hepatic LDH levels in fish fed the control diet were ca. two and five times lower than in fish fed the EAAD and PF diets, respectively, (P < 0.05). Total superoxide dismutase activity in plasma and liver was drastically decreased in fish fed both experimental diets, the EAAD and PF diets, in comparison with the control diet. Plasma biochemical parameters were profoundly affected by dietary protein and EAA deficiencies (Table 6 ). Plasma total protein, albumin, HDL, calcium, and inorganic phosphorus were significantly reduced in the EAAD and PF groups in comparison with the control. Meanwhile, plasma glucose, triglyceride, total cholesterol, and LDL were higher in fish fed the EAAD and PF diets than in the control group (P < 0.05).
Discussion
In the present study, EAAD and PF diets resulted in a significant decrease in fish survival and growth performance. Lower survival in fish fed the EAAD and PF diets might be related to anemia, immunosuppression, and a drastic change in metabolic processes resulting in hyperglycemia, hyperlipidemia, as well as liver malfunction. Loss of appetite, reduced feed intake, protein utilization, and protein synthesis as a consequence of dietary EAA deficiency and/or imbalances result in failure of growth performance in fish (Wilson 2002; Rønnestad et al. 2007 ).
Amino acids have critical role in hemoglobin synthesis (Wu et al. 2014) , and there is also a positive relationship between the values of RBC and the dietary protein level in Table 4 Hemato-immunological parameters of S. hasta juvenile fed control, essential amino acids deficient (EAAD), and protein free (PF) diets (means ± SE, n = 3) different fish species (Abdel-Tawwab et al. 2010; Habte-Tsion et al. 2013 ). In the current study, fish fed the EAAD and PF diets showed signs of anemia such as lower RBC, Hb, and Hct, which might be as a consequence of disorders in the function of hematopoietic tissues. In addition, plasma complement components have been reported to decrease as a consequence of dietary protein and EAA deficiencies in S. hasta juveniles. As the liver is the main source of complement proteins, hepatic damage, as indicated by high ALT and AST levels, might therefore affect negatively the complement system (Holland and Lambris 2002) . Since EAAs have also key role in protein synthesis in immunocytes (Calder 2006; Kiron 2012) , reduction in plasma lysozyme and total Ig levels in the EAAD and PF groups might result from the disorder in protein synthesis in immunocytes. On the other hand, the PF group showed the lowest humoral immune responses as a consequence of EAA and NEAA deletion of the PF diet, which indicated that the deletion of the NEAA provoked the suppression of the immune function in this experimental group. In the present study, except for tSOD, all non-specific enzyme levels significantly increased in plasma and liver of fish fed the EAAD and PF diets in comparison to fish fed the control diet. These results might be attributed to the malfunctioning of the liver in the above-mentioned groups, as well as due to the damage or disturbance in the integrity of hepatocytes' membrane as it has been also demonstrated in different fish species, when fed EAA imbalance diets (Zhou et al. 2010 , Gao et al. 2014 , Li et al. 2015 . High levels of plasma LDH in fish fed the EAAD and PF diets could be connected with hepatic parenchyma lesions, as it has been also illustrated in other fish species with high levels of serum non-specific enzymes (Popović et al. 2006 , Peres et al. 2013 . On the other hand, the significant increase in plasma and liver LDH may indicate an increasing trend in the glycolytic process due to the higher metabolic rate in fish fed EAAD and PF diets for withstanding the stress condition derived from protein-free and EAA deficient diets. Drastic reduction in plasma and liver tSOD activity in fish fed the EAAD and PF diets might be due to non-specific cellular immune response suppression, as it has been also reported in other fish species fed EAA deficient diets (Kuang et al. 2012 , Zhao et al. 2013 , Wen et al. 2014 . High levels of plasma and liver non-specific enzymes in fish fed PF and EAAD diets indicated these EAAs had significant role in structural integrity of the hepatic parenchyma as well as its function.
Dietary treatments
Control
As all the plasma proteins with the exception of immunoglobulins are synthesized in the liver (Rosalki and Mcintyre 1999) ; thus, the decrease in plasma protein in fish fed the EAAD and PF diets suggested a malfunctioning of this organ in these groups, which was confirmed by their higher levels of plasmatic ALT and AST (Welker and Congleton 2003) . In this study, fish fed EAAD and PF diets had lower plasma albumin levels than the control group, which indicated a severe hepatic damage in these groups, since albumin is solely synthesized by the liver (Rosalki and Mcintyre 1999) . The results of this study showed that fish fed the EAAD and PF diets had the higher plasma glucose than the control group, which might be considered as a consequence for the chronic stress condition of these fish, as it has been reported in many fish species (Barcellos et al. 1999 , Barcellos et al. 2009 ). The highest plasma glucose in the PF group, which may be also attributed to the high levels of carbohydrates in the PF diet that were included to match the energetic needs of the species under the experimental dietary protein restriction were evaluated in this study. These results are in agreement with those recently reported by Mozanzadeh et al. (2016) , the former authors reported that high plasma glucose levels in S. hasta juveniles fed high carbohydrate to lipid ratio diets. In this context, limited ability of metabolizing glucose in most fish species results in a hyperglycemic condition in fish fed with high carbohydrate level (Booth et al. 2013 ) diet. The results of the current study showed that fish fed the EAAD and PF diets had the highest plasma cholesterol, triglyceride, and LDL levels, suggesting a hepatic and intestinal dysfunction in lipoprotein synthesis. In addition, plasma HDL was significantly decreased in fish fed the EAAD and PF diets, which may be attributed to a disorder in synthesis of apolipoproteins, as well as plasma phospholipid transfer protein in these groups. As the main part of plasmatic Ca 2+ bounds to plasmatic proteins, it seemed plausible that the significant decrease in plasma Ca 2+ content in fish fed the EAAD and PF diets could be related to the decrease in plasma total protein content. As the digestive tract is the major absorptive epithelium for phosphorus in fish (Hua and Bureau 2006) , damaging the intestine epithelium may led to the decrease in plasma phosphorus content in fish fed the PF and EAAD diets.
Conclusion
The results of this study showed that dietary protein and EAA deficiencies had drastic disorders on humoral immune responses and these groups showed signs of anemia. Fish fed the PF and EAAD diets showed high levels of liver and plasma non-specific enzymes activities in comparison with the control group, indicating the liver damages. Moreover, plasma health indices drastically changed in fish fed the PF and EAAD diets, suggesting a critical function of the protein and EAA on different metabolic pathways of fish. The information obtained from this study testing to extreme diets (EAAD and PF diets) may serve for better understanding the impact of protein nutritional imbalances in fish, as well as generate reference values for a large series of physiological parameters under unsuitable nutritional conditions.
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